Introduction
============

With the recent progress of nanotechnology in biomedical fields, the use of nanomaterials has received much attention, most markedly in drug delivery, in vivo imaging, and cancer theranostics. Silica nanomaterial is ranked in the top five frequently used nanomaterials in nanotech-based consumer products.[@b1-ijn-13-877] Silica (SiO~2~) nanoparticles (NPs) have been extensively applied in medical diagnostics, drug delivery, gene therapy, detection of biomolecules, photodynamic therapy, and bioimaging.[@b2-ijn-13-877]--[@b4-ijn-13-877] The ease of surface functionalization of SiO~2~ NPs for drug loading allows for identifying them as promising carriers for the controlled drug delivery.[@b5-ijn-13-877] In orthopedics, SiO~2~ NPs encapsulated with antibiotics were frequently used to avoid infections in surgery. Gentamicin has been one of the most widely used antibiotics in orthopedics and an ideal antibiotic for the treatment of osteomyelitis.[@b6-ijn-13-877] Previous studies have attempted to develop mesoporous SiO~2~ NPs--poly(lactide-*co*-glycolide) (PLGA) composites and showed that the released gentamicin from the mesoporous SiO~2~ lasted for 4 or 5 weeks, suggesting that PLGA/mesoporous SiO~2~ scaffolds were potential drug delivery materials for bone replacement.[@b7-ijn-13-877],[@b8-ijn-13-877]

However, the effects of the gentamicin-loaded SiO~2~ NPs on proliferation and osteogenesis of bone-related cells, which are of major importance for their usage in orthopedics, have not been reported yet. SiO~2~--gentamicin nanohybrids consist of two compositions, SiO~2~ NPs and gentamicin, both of which contribute to the effects on the cell behavior. There have been some reports on the sole effects of native SiO~2~ NPs or gentamicin on cell viability and osteogenesis. Conflicting results regarding the cytocompatibility of native SiO~2~ NPs have been reported. SiO~2~ NPs could be cytotoxic in different cell lines, including human HepG2 hepatoma cells,[@b9-ijn-13-877] human endothelial cells,[@b10-ijn-13-877] human alveolar epithelial cells (A549),[@b11-ijn-13-877] and NIH/3T3 fibroblasts.[@b11-ijn-13-877] Meanwhile, other studies have shown that SiO~2~ NPs did not significantly influence the cell viability of human and mouse bone marrow mesenchymal stem cells (BMSCs),[@b12-ijn-13-877],[@b13-ijn-13-877] MC3T3-E1 cells[@b13-ijn-13-877] and human umbilical vein endothelial cells (HUVECs)[@b13-ijn-13-877] even at a high concentration of 1 mg/mL. With regard to osteogenesis, several studies have indicated that SiO~2~ NPs could promote differentiation and mineralization of osteoclasts[@b13-ijn-13-877]--[@b15-ijn-13-877] and BMSCs.[@b12-ijn-13-877],[@b13-ijn-13-877],[@b16-ijn-13-877] However, Huang et al[@b17-ijn-13-877],[@b18-ijn-13-877] have found that SiO~2~ NPs at concentrations of 4--200 μg/mL had no effects on the osteogenic differentiation of human BMSCs. These aforementioned studies have shown that the effects of SiO~2~ NPs on cell proliferation and differentiation depend on the experimental conditions. The size, morphology, and concentration of the NPs and the incubation time were possible factors influencing the results. Regarding gentamicin, few studies have reported its effect on the viability and osteogenesis of bone-related cells. Ince et al[@b19-ijn-13-877] have demonstrated that gentamicin at high concentrations (12.5--800 μg/mL) reduced cell viability and alkaline phosphatase (ALP) activity of pre-osteoblast C2C12 cells and consequently could be detrimental to bone healing and repair. Kagiwada et al[@b20-ijn-13-877] have indicated that 200 μg/mL of gentamicin significantly inhibited the cell growth and differentiation capacity of human BMSCs, while 20 μg/mL of gentamicin well supported cell proliferation and differentiation capability. The two aforementioned studies have suggested that the concentration of gentamicin was a key factor in determining its effects.

In our previous study, we have prepared SiO~2~--gentamicin nanohybrids and investigated their antibacterial performance.[@b21-ijn-13-877] The results have shown that the initial fast release of gentamicin from the nanohybrids fits the need for high concentrations of antibiotics after orthopedic surgery and the extended release of gentamicin justified the ideal antibacterial administration of the nanohybrids in bone applications.[@b21-ijn-13-877] In order to assess the implications of the developed materials in practical application, we have conducted further work on the effects of SiO~2~--gentamicin nanohybrids on cell viability and osteogenesis of human osteoblast-like SaOS-2 cells in the present study. To the best of our knowledge, this is the first report to investigate the effects of SiO~2~--gentamicin nanohybrids on the osteogenic differentiation of bone-related cells. Understanding the effects of SiO~2~--gentamicin nanohybrids on osteogenic differentiation of osteoblasts provides important insights on their potential usage in orthopedics. Furthermore, our work is designed to elucidate the influence of SiO~2~--gentamicin nanohybrids in comparison with native SiO~2~ NPs and free gentamicin on osteogenesis. The results obtained from this investigation provide a better knowledge, addressing the feasibility of using SiO~2~--gentamicin nanohybrids in orthopedics.

Materials and methods
=====================

Preparation and characterization of the SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs
--------------------------------------------------------------------------------------------

SiO~2~--gentamicin nanohybrids were prepared by adapting the base-catalyzed precipitation method used by Corrêa et al.[@b22-ijn-13-877] Briefly, 500 mg of gentamicin sulfate (Sigma-Aldrich Co., St Louis, MO, USA) was dissolved in 10 mL of tetraethyl orthosilicate (TEOS; ≥99.0%, Sigma-Aldrich, St Louis, MO, USA) with stirring. Then, 20 mL of ammonium hydroxide (28%--30%; Sigma-Aldrich Co.) was dropwise added to the solution. The mixture was stirred for 20 min at room temperature until precipitation. The resultant precipitate was dried overnight at room temperature and then ground. The native SiO~2~ NPs were prepared with the same abovementioned method without the addition of gentamicin sulfate.

The surface morphology of the prepared materials was examined by a scanning electron microscope (SEM; MERLIN Compact; Carl Zeiss Meditec AG, Jena, Germany, and S-4700 SEM; Hitachi Ltd., Tokyo, Japan). The size of the prepared NPs was visualized by transmission electron microscope (TEM; H-7650B; Hitachi Ltd.), and the size distributions of the NPs on the obtained TEM images were analyzed by the program Nano Measurer 1.2.5. The Fourier-transform infrared (FTIR) spectra of the SiO~2~--gentamicin nanohybrids, native SiO~2~ NPs, and gentamicin were recorded on a TENSOR II FTIR spectrometer (Optik GmbH, Ettlingen, Germany) in the attenuated total reflection (ATR) mode, with a resolution of 4 cm^−1^ and a scan range of 4,000--400 cm^−1^. Thermogravimetric analysis (TGA) of the SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs was performed on a Q600 SDT thermal analyzer (TA Instruments, New Castle, DE, USA). The analysis was conducted from 50°C to 500°C with a heating rate of 10°C/min under a nitrogen atmosphere (flow rate of 20 mL/min).

Cell culture and exposure to NPs
--------------------------------

Human osteogenic sarcoma cells (SaOS-2; purchased from China Infrastructure of Cell Line Resources) were used in the present study. For expansion, the cells were cultured in a normal culture medium consisting of McCoy's medium (Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 15% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% penicillin/streptomycin. The medium was changed every 2 days. To induce osteogenesis, cells were incubated in the osteogenic induction medium (the normal culture medium containing 10^−7^ M dexamethasone, 10 mM β-glycerophosphate disodium, and 50 μg/mL ascorbic acid) and the medium was refreshed every 3 days. The cells were kept in a 5% CO~2~ humidified incubator at 37°C.

Before experiments, the NPs were exposed to ^60^Co irradiation at a dose of 10 kGy for sterilization. The cells were allowed to adhere for 24 h before incubation with the nanohybrids. SiO~2~--gentamicin nanohybrids were first suspended in the cell culture medium to a concentration of 1 mg/mL and ultrasonically vibrated for 1 h. It is expedient to conduct the ultrasonication in the cell culture medium for 1 h, owing to the virtue of FBS as a promising candidate in mammalian cell culture studies, stabilizing the NPs by sonication.[@b23-ijn-13-877] Then, the medium containing SiO~2~--gentamicin nanohybrids was diluted to the required concentrations in the cell culture medium and added to the cells. In this experiment, four different concentrations, namely, 31.25, 62.5, 125, and 250 μg/mL, were chosen to treat the cells. After incubation for 72 h, the medium was changed to the fresh one without the nanohybrids. To further elucidate the effects of native SiO~2~ NPs and free gentamicin on the osteogenic differentiation of SaOS-2 cells, we have set up four more groups, including native SiO~2~ NPs at concentrations of 62.5 and 250 μg/mL and gentamicin at 6.26 and 9.65 μg/mL in the cell culture medium. The SiO~2~ NPs were added to the cells in the same way as the SiO~2~--gentamicin nanohybrids. Regarding the free gentamicin, the cells were exposed to gentamicin during the whole incubation. The cells incubated in medium with neither NPs nor gentamicin were used as blank control. The concentrations of gentamicin were determined according to our previous work.[@b21-ijn-13-877]

Cell viability and proliferation
--------------------------------

The cells were seeded in the 96-well plates (Coring Incorporated, Corning, NY, USA) at a density of 2.0×10^4^ cells/cm^2^ and allowed to attach for 24 h. Then, the cells were treated with the NPs suspended in the cell culture medium for 72 h or gentamicin during the whole incubation period. Cell Count Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan) was used to test the viability of cells cultured in both the normal culture medium (on days 1, 3 and 5 after treatment with NPs or gentamicin) and the osteogenic induction medium (on days 7 and 14 after induction) as detailed in a previous study.[@b24-ijn-13-877] Briefly, 10 μL of CCK-8 in 100 μL of the medium was added to the cells in each well and incubated for 1 h at 37°C. Afterward, 100 μL of the solution was transferred to a new 96-well plate and the absorbance at 450 nm was quantified by a multimode plate reader (EnSpire; PerkinElmer Inc., Waltham, MA, USA). The experiments were performed in triplicate.

Moreover, cells in the normal culture medium after treatment with NPs and gentamicin for 1, 3, and 5 days were stained with Calcein-AM (Dojindo) to evaluate the cell proliferation. The cells were first rinsed with phosphate-buffered saline (PBS; Coring Incorporated) three times and then stained with the 2 μM Calcein-AM working solution at 37°C for 15 min. Subsequently, the stained cells were observed by an inverted fluorescence microscope (Leica DFC420C; Leica Microsystems, Wetzlar, Germany).

ALP activity
------------

To induce osteogenesis, SaOS-2 cells were first seeded in the 48-well plates (Coring Incorporated) at a density of 2.0×10^4^ cells/cm^2^ in the normal culture medium. When cells reached 90% confluency, the normal culture medium was changed to osteogenic induction medium containing NPs or gentamicin. The cells were treated with NPs for 72 h or gentamicin during the whole incubation period. After osteogenic induction for 7 days, the cells were washed twice with PBS and then lysed with radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China) for 15 min on ice. The lysate was centrifuged at 12,000 rpm for 10 min, and the supernatant was analyzed by an ALP testing kit (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China) according to the manufacturer's instructions. Total protein content was determined using the BCA protein assay (Aidlab Biotechnologies Co., Ltd., Beijing, China). The ALP levels were normalized to the total protein content, and the experiments were performed in triplicate.

For qualitative analysis, the cells were washed with PBS and then fixed with 4% (w/v) paraformaldehyde for 30 min. Color Development Kit (Beyotime) and visualized under an inverted optical microscope (Leica DFC420C). Moreover, the plates were photographed using a digital camera (Canon PowerShot SX50 HS; Canon, Tokyo, Japan).

Collagen secretion
------------------

The cells were seeded and treated with the same above-described method. After osteogenic induction for 7 days, the collagen in cells was stained with 0.5 mL of 0.1% Sirius Red solution (Beijing Solarbio Science & Technology Co. Ltd., Beijing, China) at room temperature for 18 h. Subsequently, the stained cells were rinsed with distilled water repeatedly and observed by an inverted optical microscope. Moreover, the plates were photographed using a digital camera. To quantify the results of collagen secretion, the stained cells were dissolved by an elution (0.2 M NaOH:methanol =1:1) and the absorbance at 570 nm was measured by a multimode plate reader. The collagen secretion of the cells was normalized to the cell viability detected by CCK-8. The experiments were performed in triplicate.

Expression of type I collagen (COLI), osteopontin (OPN) and osteocalcin (OCN)
-----------------------------------------------------------------------------

The cells were seeded and treated with the same above-described method. Immunofluorescent staining was conducted according to a previous report[@b25-ijn-13-877] to evaluate the expression of osteogenic marker proteins, including COLI, OPN (on day 7 after induction), and OCN (on day 14 after induction). Briefly, the cells were washed twice with PBS, fixed with 4% (w/v) paraformaldehyde for 30 min, and then permeabilized with 0.2% Triton X-100 for 5 min. After twice washing with PBS, the cells were further treated with a blocking solution of 10% goat serum at room temperature for 30 min to prevent nonspecific background staining. Thereafter, cells were incubated with rabbit polyclonal antibodies against COLI (ab21285; Abcam, Cambridge, UK), rabbit polyclonal antibodies against OPN (ab8448; Abcam), and mouse monoclonal antibodies against OCN (ab13418; Abcam) at 4°C overnight. Then, the cells were labeled with Alexa Fluor 488-labeled goat anti-rabbit IgG (Beyotime) and Alexa Fluor 594-labeled goat anti-mouse IgG (EarthOx Life Sciences, Millbrae, CA, USA), respectively, at room temperature for 1 h. Cell nuclei were counterstained with 5 μg/mL 4′-6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich Co.) at room temperature for 15 min. Finally, the cells were imaged under a laser scanning confocal microscope (LSCM; LSM 710 META; Carl Zeiss Meditec AG).

Extracellular matrix (ECM) mineralization
-----------------------------------------

The cells were seeded and treated with the same above-described method. On day 14 after osteogenic induction, Alizarin Red S staining was utilized to examine the ECM mineralization by the cells. The cells were washed twice with PBS, fixed with 4% (w/v) paraformaldehyde for 30 min, and then stained with 1% Alizarin Red S (pH at 4.2) for another 30 min at room temperature. Afterward, the cells were frequently washed with distilled water. The images were taken under an inverted optical microscope (Olympus IX81; Olympus Corporation, Tokyo, Japan). Moreover, the plates were photographed using a digital camera. To quantify the results of ECM mineralization, the stain was dissolved in 10% cetylpyridinium chloride in 10 mM sodium phosphate buffer, and the absorbance at 562 nm was measured by a multimode plate reader. The ECM mineralization of the cells was normalized to the cell viability detected by CCK-8. The experiments were performed in triplicate.

Statistical analysis
--------------------

Statistical analysis of the obtained data was performed using IBM SPSS Statistics 22 (IBM Corporation, Armonk, NY, USA). The values were represented as the mean ± standard deviation (SD). The data were analyzed by one-way analysis of variance (ANOVA) followed by post hoc comparisons with the least significant difference (LSD) method. Values with *p*\<0.05 were considered as statistically significant.

Results
=======

Characterization of the SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs
----------------------------------------------------------------------------

The morphology of the prepared SiO~2~--gentamicin nano-hybrids and native SiO~2~ NPs was visualized by SEM, as shown in [Figure 1](#f1-ijn-13-877){ref-type="fig"}. The native SiO~2~ NPs ([Figure 1A](#f1-ijn-13-877){ref-type="fig"}) are quasi-spherical with smooth surfaces. However, the SiO~2~--gentamicin nanohybrids ([Figure 1B](#f1-ijn-13-877){ref-type="fig"}) show surface roughness, verifying the successful loading of gentamicin onto the surfaces of SiO~2~ NPs. Moreover, some nanohybrids coalesce into large aggregates. A relationship between the surface roughness of gentamicin-loaded carriers and the antibiotic release has been revealed in the literature. This relationship stems from the fact that rougher surfaces have larger release areas,[@b26-ijn-13-877] facilitating the initial fast antibiotic release from the surfaces of carriers for infection prevention in orthopedics.[@b27-ijn-13-877] Consequently, the present SEM images indicate the loading of gentamicin on the surface of SiO~2~ NPs, which can support the favorable initial antibiotic release, as proven by our previous report.[@b21-ijn-13-877] However, there is abundant room for further progress in determining the best reaction conditions of the nanohybrids, controlling their aggregation and safe applications.

The size and morphology of the native SiO~2~ NPs and the SiO~2~--gentamicin nanohybrids were further analyzed by TEM, as shown in [Figure 2](#f2-ijn-13-877){ref-type="fig"}. Most of the native SiO~2~ NPs were well dispersed ([Figure 2A](#f2-ijn-13-877){ref-type="fig"}). The average size of native SiO~2~ NPs calculated from the TEM image was 312±26 nm, with a size distribution of 265--405 nm ([Figure 2C](#f2-ijn-13-877){ref-type="fig"}). The size of the SiO~2~--gentamicin nanohybrids increased markedly, compared with the size of the native SiO~2~ NPs ([Figure 2B](#f2-ijn-13-877){ref-type="fig"}). The average size of SiO~2~--gentamicin nanohybrids was 719±128 nm, and the size distribution ranged from 495 to 965 nm ([Figure 2D](#f2-ijn-13-877){ref-type="fig"}). The increase in the size of SiO~2~--gentamicin nanohybrids may result from the loading of gentamicin onto the surface of SiO~2~ NPs and the encapsulation of some gentamicin within the SiO~2~ network. This increase in size is in accord with a recent study,[@b5-ijn-13-877] indicating an increase in the size of native SiO~2~ NPs from \~160 to \~256 nm after conjugation to gentamicin.

[Figure 3A](#f3-ijn-13-877){ref-type="fig"} shows the FTIR spectra of the native SiO~2~ NPs, free gentamicin, and SiO~2~--gentamicin nanohybrids. The native SiO~2~ NPs demonstrate peaks at 953 and 800 cm^−1^, corresponding to symmetric stretching vibrations of the Si−O−Si bond. The sharp peak at 1,053 cm^−1^ corresponds to asymmetric Si−O−Si stretching. A band at 472 cm^−1^ and a broad prominent peak at 3,422 cm^−1^ were detected, associating with the Si−O bond vibration and the Si−OH stretching, respectively. These results are in line with those of previous studies.[@b21-ijn-13-877],[@b28-ijn-13-877],[@b29-ijn-13-877] The free gentamicin shows a peak at 3,424 cm^−1^ for the stretches of the N−H amino groups[@b30-ijn-13-877] and a peak at 618 cm^−1^, a typical band for gentamicin.[@b31-ijn-13-877] The two peaks at 1,529 and 1,629 cm^−1^ were ascribed to the N−H bending vibrations.[@b32-ijn-13-877] With regard to the SiO~2~--gentamicin nanohybrids, the spectrum shows peaks does 957, 795, and 465 cm^−1^. The position of the peaks does not notably change from that of the native SiO~2~ NPs, but the intensity of the peaks decreases. The peak at 3,441 cm^−1^ likely comprises the same stretches of both the Si−OH and N−H amino groups, but with less intensity. The spectrum of the SiO~2~--gentamicin nanohybrids shows new peaks at 618 cm^−1^ and at 1,635 cm^−1^ that were ascribed to native SiO~2~ NPs shifted to 1,632 cm^−1^ for the nanohybrids. These new peaks clearly originate from the gentamicin, indicating the successful loading of gentamicin to the native SiO~2~ NPs.

TGA results of native SiO~2~ NPs and SiO~2~--gentamicin nanohybrids are depicted in [Figure 3B](#f3-ijn-13-877){ref-type="fig"}. The initial weight loss up to 100°C in both samples is induced by the elimination of the absorbed and residual water. The native SiO~2~ shows a further weight loss of 6.00% from 100 to 500°C. The SiO~2~--gentamicin nanohybrids show a weight loss of 2.16% from 100 to \~220°C and a final weight loss (13.70%) from 220 to 500°C. A temperature of \~220°C can be considered as the beginning of gentamicin decomposition,[@b33-ijn-13-877] which continued as the temperature increased. The amount of gentamicin in the SiO~2~--gentamicin nanohybrids can be determined by subtracting the mass loss of native SiO~2~ NPs from the mass loss of SiO~2~--gentamicin nanohybrids, after precluding the weight loss of water in both samples. Therefore, according to the above-described data, gentamicin constitutes 9.86 wt% of the SiO~2~--gentamicin nanohybrids. The mass of the dried native SiO~2~ NPs and SiO~2~--gentamicin nanohybrids was also measured, and the theoretical loading ratio of gentamicin was calculated as 11.27 wt%. This is relevant to the present results of TGA.

Cell viability and proliferation
--------------------------------

The possible toxicity of SiO~2~--gentamicin nanohybrids, native SiO~2~ NPs, and free gentamicin was evaluated on SaOS-2 cells. The viability of cells incubated in the normal culture medium and osteogenic induction medium was determined after exposing the SaOS-2 cells to the above-described agents. [Figure 4A](#f4-ijn-13-877){ref-type="fig"} shows the results of cell viability in the normal culture medium. After 1 day, viability of SaOS-2 cells treated with SiO~2~--gentamicin nanohybrids decreased to 97%±2%, 91%±2%, 78%±5%, and 68%±0% for concentrations of 31.25, 62.5, 125 and 250 μg/mL, respectively. The viability of cells exposed to SiO~2~ NPs at concentrations of 62.5 and 250 μg/mL was 97%±3% and 90%±4%, respectively. However, cells exposed to free gentamicin at concentrations of 6.26 and 9.65 μg/mL show no significant change in viability on day 1. As time progressed, the viability of cells decreased more markedly in SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs-treated groups. On day 5, the cell viability in 250 μg/mL SiO~2~--gentamicin nanohybrid-treated group decreased to 25%±1%, indicating severe cytotoxicity induced by SiO~2~--gentamicin nanohybrids. Similar trends were found for the cells incubated in the osteogenic induction medium. As indicated in [Figure 4B](#f4-ijn-13-877){ref-type="fig"}, both SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs induce dose- and time-dependent cytotoxicity in SaOS-2 cells, while the tested concentrations of free gentamicin show no obvious cyto-toxicity to the cells.

[Figure 5](#f5-ijn-13-877){ref-type="fig"} demonstrates the Calcein-AM staining assay, visualizing the proliferation of SaOS-2 cells incubated in the normal culture medium. On day 1, cell numbers decreased for SiO~2~--gentamicin nanohybrids and native SiO~2~ NP-treated groups as compared to the control group. The trends were more obvious on days 3 and 5; the higher concentration of the NPs tested, the fewer the number of SaOS-2 cells observed. Cell numbers stayed the same for the gentamicin-treated groups. The results are consistent with the cell viability data detected by CCK-8.

Cell differentiation
--------------------

### ALP activity

The ALP activity was assessed qualitatively and quantitatively after 7 days of osteogenic induction. The results are shown in [Figure 6](#f6-ijn-13-877){ref-type="fig"}. There were no significant differences in the ALP activity between the exposed cells of SiO~2~--gentamicin nanohybrids at concentrations of 31.25 and 62.5 μg/mL and the control group. However, the ALP activity significantly decreased as the concentration of SiO~2~--gentamicin nanohybrids increased to 125 and 250 μg/mL. The ALP activity expressed by 250 μg/mL exposed cells of SiO~2~--gentamicin nanohybrids is less than one-third of the control group. The SiO~2~ NP-treated groups demonstrate similar results. At a concentration of 62.5 μg/mL, SiO~2~ NPs did not significantly influence the expression of ALP activity. The ALP activity decreased to 38% of the control group as the concentration of SiO~2~ NPs increased to 250 μg/mL. The free gentamicin-treated cells show no significant differences in ALP expression compared with the control group.

### Collagen secretion

The collagen secretion of SaOS-2 cells after osteogenic induction for 7 days was analyzed by Sirius Red staining. The corresponding quantitative analysis is displayed in [Figure 7](#f7-ijn-13-877){ref-type="fig"}. The collagen secretion of all the experimental groups of SaOS-2 cells cultured for 7 days is not significantly influenced compared with that of the control group, except for the 250 μg/mL SiO~2~--gentamicin nanohybrid-exposed group. The secretion of collagen decreased to 90%±7% that of the control group after the exposure of cells to 250 μg/mL SiO~2~--gentamicin nanohybrids ([Figure 7C](#f7-ijn-13-877){ref-type="fig"}).

### Expression of COLI, OPN, and OCN

The expression of osteogenesis-related proteins (COLI, OPN, and OCN) was evaluated by immunofluorescent staining. As shown in [Figure 8](#f8-ijn-13-877){ref-type="fig"}, SaOS-2 cells of all the groups tested are strongly positive for COLI, OPN, and OCN and the cells almost display the same fluorescence intensity for the three kinds of proteins. The group treated with high concentrations of SiO~2~--gentamicin nanohybrids or native SiO~2~ NPs shows only a decrease in the cell number. The living cells, however, expressed the same intensity of COLI, OPN, and OCN as the cells of the control group. The results indicate that the exposure to SiO~2~--gentamicin nanohybrids, native SiO~2~ NPs, and free gentamicin does not influence the expression of COLI, OPN, and OCN of SaOS-2 cells.

### ECM mineralization

ECM mineralization of SaOS-2 cells on day 14 after osteogenic induction was evaluated by Alizarin Red S staining. The corresponding quantitative results are depicted in [Figure 9](#f9-ijn-13-877){ref-type="fig"}. All the exposed groups show almost the same level of ECM mineralization, except for the groups exposed to 250 μg/mL SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs. The cells formed more mineralized nodules after exposure to 250 μg/mL SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs ([Figure 9A and B](#f9-ijn-13-877){ref-type="fig"}). The quantitative results revealed that the SaOS-2 cells exposed to 250 μg/mL SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs show approximately twofold and fivefold increase in ECM mineralization as compared with those of the control group, respectively ([Figure 9C](#f9-ijn-13-877){ref-type="fig"}).

Discussion
==========

SiO~2~ NPs are used as antibiotic carriers for the extended antibiotic release in orthopedic applications. The minimal negative impact of SiO~2~--gentamicin nanohybrids on the viability and osteogenic differentiation capacity of SaOS-2 cells is a prerequisite for using such delivery systems. Our results indicate that both SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs induce dose- and time-dependent cytotoxicity in SaOS-2 cells ([Figures 4](#f4-ijn-13-877){ref-type="fig"} and [5](#f5-ijn-13-877){ref-type="fig"}). Moreover, SiO~2~--gentamicin nanohybrids are more toxic to the cells than the native SiO~2~ NPs at the same concentrations tested. Previous studies have demonstrated that SiO~2~ NPs could be cytotoxic in a dose- and time-dependent manner in different cell lines, including human endothelial cells,[@b10-ijn-13-877] human alveolar epithelial cells (A549),[@b11-ijn-13-877] human cervical cancer cells (HeLa),[@b34-ijn-13-877] and human melanoma cells (A375).[@b35-ijn-13-877] A conclusion can be drawn from these previous studies that the cytotoxicity of SiO~2~ NPs depends not only on concentration and incubation time of NPs but also on other factors, such as size, morphology, and composition of NPs. Therefore, a possible explanation for the present results is that after the loading of gentamicin to SiO~2~ NPs, the change in the physicochemical properties of the nanohybrids from the native SiO~2~ NPs results in more severe cytotoxicity in SaOS-2 cells. It has been shown that Si ion is cytotoxic at high concentrations.[@b36-ijn-13-877] Thus, the concentration of Si ions in the cell culture medium was analyzed by inductively coupled plasma mass spectrometry (ICP-MS). [Figure S1](#SD1-ijn-13-877){ref-type="supplementary-material"} depicts that SiO~2~--gentamicin nanohybrids released much less Si ions than that of the SiO~2~ NPs at each time point during the incubation, implicating that the higher toxicity of the SiO~2~--gentamicin nanohybrids than that of the native SiO~2~ NPs may not be attributed to the release of Si ions. Moreover, previous studies have shown that increasing the concentrations of silicate caused a higher growth rate of SaOS-2 cells and the maximal stimulation occurs at 1,000 μM (28 μg/mL concentration of Si ions).[@b37-ijn-13-877],[@b38-ijn-13-877] Therefore, the released Si ions from the SiO~2~--gentamicin nanohybrids should not contribute to the cytotoxicity. Further work should be done to clarify the possible mechanism for the higher cytotoxicity of the SiO~2~--gentamicin nanohybrids.

In our previous study, the minimum inhibitory concentration (MIC) of the SiO~2~--gentamicin nanohybrids against *Bacillus subtilis*, *Pseudomonas fluorescens* and *Escherichia coli* was 250 μg/mL. The concentration of released gentamicin from the 250 μg/mL SiO~2~--gentamicin nanohybrids after immersion for 24 and 72 h was 6.26 and 9.65 μg/mL, respectively.[@b21-ijn-13-877] Therefore, a concentration of 250 μg/mL for the SiO~2~--gentamicin nanohybrids was tested and the experimental concentration of free gentamicin was set as 6.26 and 9.65 μg/mL (since the medium was changed every 3 days) in the present study. Moreover, after exposure of the cells to the NPs tested, both the SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs show partial aggregation on the surface of the cells ([Figure S2](#SD2-ijn-13-877){ref-type="supplementary-material"}). The aggregation remained in the wells even though the medium was frequently changed. Therefore, the remaining SiO~2~--gentamicin nanohybrids in the wells would continuously release gentamicin during the incubation for 2--3 weeks. The present results show that both SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs at a high concentration (250 μg/mL) decrease the expression of ALP in SaOS-2 cells. On the other hand, the free gentamicin does not influence the ALP expression of the cells ([Figure 6](#f6-ijn-13-877){ref-type="fig"}). The SiO~2~--gentamicin nanohybrids consist of two compositions, SiO~2~ NPs and gentamicin. Thus, it is assumed that the effect of SiO~2~--gentamicin nanohybrids on osteogenesis of SaOS-2 cells is attributed to the SiO~2~ NPs. ALP is an early expressed protein during osteogenic differentiation. A previous study has also reported that native SiO~2~ NPs inhibited the ALP activity of BMSCs of rats.[@b28-ijn-13-877] Since both SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs induce severe cytotoxicity to the SaOS-2 cells ([Figure 4B](#f4-ijn-13-877){ref-type="fig"}) under osteogenic induction, consequently, the decreased ALP activity of SaOS-2 cells can be attributed to the severe toxicity induced by SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs exposure.

The expression of COLI, OPN, and OCN is not influenced by the SiO~2~--gentamicin nanohybrids and SiO~2~ NPs, even in the high concentrations tested ([Figure 8](#f8-ijn-13-877){ref-type="fig"}). The differentiation of osteoblasts to osteocytes is regulated by a group of specific molecules. RUNX2 is an initial marker exclusively expressed in mineralized tissues.[@b39-ijn-13-877] It causes a stage-dependent expression of osteogenesis-related markers, including ALP, COLI, OCN, and OPN; asialoprotein (ASP); and bone sialoprotein (BSP).[@b40-ijn-13-877] It has been suggested that COLI induces calcification of the stromal cell matrix.[@b41-ijn-13-877] OPN is a structural protein highly phosphorylated and glycosylated and is synthesized by preosteoblasts, osteoblasts, and osteocytes.[@b42-ijn-13-877] OCN is the most abundant bone-specific non-collagenous protein synthesized by osteoblasts and serves as a marker to evaluate osteogenic maturation and bone formation.[@b43-ijn-13-877] The presence of these proteins provides the basis for the upcoming mineralization, which is usually considered as a functional in vitro endpoint reflecting mature cell differentiation.[@b44-ijn-13-877]

In the present study, inconsistent results were found for the osteogenesis of SaOS-2 cells after exposure to SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs. Both of the two materials tested at a high concentration (250 μg/mL) induce a lower expression of ALP but an enhanced ECM mineralization for the SaOS-2 cells. To ensure a better understanding of whether mineralization is cell mediated or driven by the presence of aggregates (nanohybrids or NPs) remaining throughout the culture time, a control experiment was conducted, in which the nanohybrids or NPs at a concentration of 250 μg/mL (in the absence of cells) were incubated in the same conditions as the culture. Alizarin Red S staining on day 14 showed that the SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs were negative for the staining ([Figure S3](#SD3-ijn-13-877){ref-type="supplementary-material"}), implying that mineralization is mediated by the SaOS-2 cells, not by the aggregates (nanohybrids or NPs). A previous review has indicated that ALP activity is necessary, but not sufficient, to produce mineralized matrix.[@b44-ijn-13-877] Evans et al[@b45-ijn-13-877] have found that BMSCs of hypophysectomized rats expressed high levels of ALP activity, while producing few mineralization nodules, in comparison with BMSCs of non-hypophysectomized rats. Hence, it is evident that BMSCs can produce high levels of ALP in vitro even without mineralization. In another two studies, ECM mineralization was observed in human BMSCs that achieved a minimal ALP activity (\~0.25 nmol/min/μg protein or 1.2 nmol/min/10,000 cells) during the culture period of 2--3 weeks.[@b46-ijn-13-877],[@b47-ijn-13-877] From these aforementioned studies, it was observed that the levels of ALP activity were not in proportion to the observed mineralization levels. In the present study, the cells can still express low levels of ALP after exposure to a high concentration of SiO~2~--gentamicin nanohybrids or native SiO~2~ NPs ([Figure 6](#f6-ijn-13-877){ref-type="fig"}). Thus, the above-mentioned reports support the present data that the cells achieve high levels of mineralization.

Previous studies have reported that SiO~2~ NPs could promote the mineralization of both osteoclasts[@b13-ijn-13-877]--[@b15-ijn-13-877] and BMSCs.[@b12-ijn-13-877],[@b13-ijn-13-877],[@b16-ijn-13-877] SiO~2~ NPs have also accelerated osteogenic differentiation of MC3T3-E1 cells as demonstrated by a more rapid increase in ALP activity and increased mineralization.[@b13-ijn-13-877],[@b14-ijn-13-877] Similarly, it was revealed that the presence of SiO~2~ NPs triggered upregulation of ALP/RUNX2 transcripts, bone-related matrix protein deposition (OCN and OPN), followed by matrix mineralization in mouse and human BMSCs.[@b12-ijn-13-877],[@b13-ijn-13-877] Several possible mechanisms have been proposed for the positive effects of SiO~2~ NPs on osteogenic differentiation of bone-related cells. Huang et al[@b17-ijn-13-877] have suggested that the internalization of SiO~2~ NPs induced actin polymerization and activated the small GTP-bound protein RhoA, which then induced transient osteogenic signals in human BMSCs. Ha et al[@b14-ijn-13-877] have found that SiO~2~ NPs promoted mineralization and differentiation of osteoblasts through stimulating ERK1/2 signaling pathway, which is necessary for the processing of LC3β-I to LC3β-II and activating autophagosome assembly. After internalization of SiO~2~ NPs into the cells, they could be degraded and may release Si ions.[@b16-ijn-13-877] Si ions at a given concentration significantly enhanced the proliferation, mineralization nodule formation, bone-related gene expression, and WNT and SHH signaling pathways of human BMSCs.[@b36-ijn-13-877] Consequently, it has emerged from these previous results that the possible mechanisms for enhanced osteogenesis induced by SiO~2~ NPs are very complicated and more investigation should be conducted to elucidate them.

In the present study, both the SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs decrease the cell viability of SaOS-2 cells even at a low exposure concentration (31.25 μg/mL). With regard to osteogenesis, SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs at a concentration range of 31.25--125 μg/mL do not influence the osteogenic differentiation capacity of SaOS-2 cells, while at a high concentration (250 μg/mL), the two materials tested induce a lower expression of ALP but an enhanced ECM mineralization. Up to now, a considerable number of researchers have paid attention to the potential cytotoxicity of SiO~2~ NPs, and some of this published literature[@b9-ijn-13-877]--[@b11-ijn-13-877] has claimed that SiO~2~ NPs were cytotoxic to different cell lines. Therefore, caution should be exercised when SiO~2~--gentamicin nanohybrids or native SiO~2~ NPs are used in orthopedics. Moreover, this study shows that free gentamicin at concentrations of 6.26 and 9.65 μg/mL does not influence the cell viability and osteogenic differentiation capacity of SaOS-2 cells, providing some suggestions for the safe use of gentamicin, at considerable concentrations (6.26--9.65 μg/mL), in orthopedic applications.

Conclusion
==========

In the present study, we have explored the effects of SiO~2~--gentamicin nanohybrids on the osteogenic differentiation of human osteoblast-like cells, together with native SiO~2~ NPs and free gentamicin. The cells were exposed to the synthesized SiO~2~--gentamicin nanohybrids at a concentration range of 31.25--125 μg/mL for 72 h. The results show that both SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs decrease the cell viability of SaOS-2 cells in a time- and dose-dependent manner. SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs at a concentration range of 31.25--125 μg/mL do not influence the osteogenic differentiation capacity of SaOS-2 cells. However, a high concentration (250 μg/mL) of the two materials tested induce a lower expression of ALP but an enhanced ECM mineralization. Free gentamicin (6.26 and 9.65 μg/mL) does not significantly influence the cell viability and osteogenic differentiation capacity of SaOS-2 cells. We suggest that further investigation on the effects of SiO~2~--gentamicin nanohybrids on the behaviors of stem cells or other regular osteoblasts should be conducted to make a full evaluation of the safety of SiO~2~--gentamicin nanohybrids in orthopedic applications.

Supplementary materials
=======================

Materials and methods
---------------------

### Concentration of Si ions in the cell culture medium for the silica (SiO~2~)--gentamicin nanohybrids and native SiO~2~ nanoparticles (NPs)

Before the experiments, the NPs were exposed to ^60^Co irradiation at a dose of 10 kGy for sterilization. The samples were added to the cell culture plate in the same way as in the cell culture experiments. In brief, SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs were first suspended in the osteogenic induction medium to a concentration of 1 mg/mL and ultrasonically vibrated for 1 h. Then, the medium containing nanohybrids or NPs was diluted to 250 μg/mL and added to the cell culture plate. The samples were kept in a 5% CO~2~ humidified incubator at 37°C, and the medium was refreshed every 3 days. On days 3, 6, 9, 12, and 15, the medium containing the released Si ions was collected, centrifuged, and then, the supernatants were analyzed by inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7500ce; Agilent Technologies, Santa Clara, CA, USA).

Results
-------

### Concentration of Si ions in the cell culture medium for the SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs

[Figure S1](#SD1-ijn-13-877){ref-type="supplementary-material"} depicts the concentrations of Si ions released from the SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs on days 3, 6, 9, 12, and 15 after incubation. For the SiO~2~ NPs (250 μg/mL), concentrations of Si ions in the cell culture medium were 54.986±5.202, 23.605±1.043, 9.177±1.001, 3.591±0.293, and 1.441±0.164 μg/mL, respectively. The concentrations of Si ions released from the SiO~2~--gentamicin nanohybrids in the cell culture medium at each time point were 13.776±0.746, 4.474±0.700, 2.768±0.190, 1.228±0.007, and 0.715±0.059 μg/mL, respectively. SiO~2~--gentamicin nanohybrids released much less Si ions than the SiO~2~ NPs. The reason for this slower release may be attributed to the loaded gentamicin on the surfaces of the SiO~2~--gentamicin nanohybrids (as shown in [Figure 1B](#f1-ijn-13-877){ref-type="fig"}), limiting the release of the Si ions. Similar results have been shown in a recent study by Choi and Kim,[@b48-ijn-13-877] verifying that drug-loaded mesoporous SiO~2~ NPs show a relatively slower release of Si ions than the free mesoporous SiO~2~ NPs at the initial degradation stage.

###### 

Concentration of Si ions for the samples incubated in the cell culture medium.

**Notes:** The SiO~2~--gentamicin nanohybrids and native SiO~2~ NPs at a concentration of 250 μg/mL were incubated in osteogenic induction medium. On days 3, 6, 9, 12, and 15, the medium containing the released Si ions was collected and then analyzed by ICP-MS. \*\**p*\<0.01 compared with the SiO~2~ NPs.

**Abbreviations:** SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; G, gentamicin; NPs, nanoparticles; ICP-MS, inductively coupled plasma mass spectrometry.

###### 

Optical microscopic images of cells.

**Notes:** The cells were incubated with different concentrations of SiO~2~--G nanohybrids, SiO~2~ NPs, and G for 24 h in the osteogenic induction medium.

**Abbreviations:** SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; G, gentamicin; NPs, nanoparticles.

###### 

Mineralization of the SiO~2~--G and SiO~2~ NPs.

**Notes:** (**A**) Optical microscopic images and (**B**) macrograph of Alizarin Red S staining for mineralization of SiO~2~--G nanohybrids and SiO~2~ NPs at a concentration of 250 μg/mL (in the absence of cells) after osteogenic induction for 14 days.

**Abbreviations:** SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; G, gentamicin; NPs, nanoparticles.
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![SEM images of the samples.\
**Notes:** (**A**) Native SiO~2~ NPs. (**B**) SiO~2~--gentamicin nanohybrids.\
**Abbreviations:** SEM, scanning electron microscope; SiO~2~, silica; NPs, nanoparticles.](ijn-13-877Fig1){#f1-ijn-13-877}

![TEM images and size-distribution histograms of the samples.\
**Notes:** TEM images of the (**A**) native SiO~2~ NPs and (**B**) SiO~2~--gentamicin nanohybrids. Size-distribution histograms of the (**C**) native SiO~2~ NPs and (**D**) SiO~2~--gentamicin nanohybrids generated from images (**A**) and (**B**), respectively. Most of the native SiO~2~ NPs are well dispersed (**A**). The average size of native SiO~2~ NPs calculated from the TEM image is 312±26 nm, with a size distribution of 265--405 nm (**C**). The size of the SiO~2~--gentamicin nanohybrids increases markedly, compared with the size of the native SiO~2~ NPs (**B**). The average size of SiO~2~--gentamicin nanohybrids is 719±128 nm, and the size distribution ranges from 495 to 965 nm (**D**).\
**Abbreviations:** TEM, transmission electron microscope; SiO~2~, silica; NPs, nanoparticles.](ijn-13-877Fig2){#f2-ijn-13-877}

![FTIR spectra and TGA of the samples.\
**Notes:** (**A**) FTIR spectra of the native SiO~2~ NPs, SiO~2~--gentamicin nanohybrids, and free gentamicin. (**B**) TGA of the native SiO~2~ NPs and SiO~2~--gentamicin nanohybrids.\
**Abbreviations:** FTIR, Fourier-transform infrared; TGA, thermogravimetric analysis; SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; NPs, nanoparticles; G, gentamicin.](ijn-13-877Fig3){#f3-ijn-13-877}

![Cell viability detected by CCK-8 assay.\
**Notes:** (**A**) The cells were incubated in the normal medium for 1, 3, and 5 days. (**B**) The cells were incubated in the osteogenic induction medium for 7 and 14 days. The values are expressed as mean ± SD of triplicate experiments. \**p*\<0.05 compared with the control group. \*\**p*\<0.01 compared with the control group.\
**Abbreviations:** CCK-8, Cell Count Kit-8; SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; G, gentamicin.](ijn-13-877Fig4){#f4-ijn-13-877}

![Calcein-AM staining for living cells.\
**Notes:** The cells were incubated with different concentrations of native SiO~2~ NPs, SiO~2~--gentamicin nanohybrids, and free gentamicin in the normal medium for 1, 3, and 5 days. The images are representative of three independent experiments.\
**Abbreviations:** SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; NPs, nanoparticles; G, gentamicin.](ijn-13-877Fig5){#f5-ijn-13-877}

![ALP activity of the SaOS-2 cells.\
**Notes:** (**A**) Optical microscopic images and (**B**) macrograph of ALP staining. (**C**) ALP activity of SaOS-2 cells after osteogenic induction for 7 days. Values are expressed as mean ± SD of the triplicate experiments. \*\**p*\<0.01 compared with the control group.\
**Abbreviations:** ALP, alkaline phosphatase; SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; G, gentamicin.](ijn-13-877Fig6){#f6-ijn-13-877}

![Collagen secretion of the SaOS-2 cells.\
**Notes:** (**A**) Optical microscopic images and (**B**) macrograph of Sirius Red staining for the collagen secretion of cells after osteogenic induction for 7 days. (**C**) The quantitative results of retention of Sirius Red. Data are expressed as mean ± SD (n=3 for each sample). \**p*\<0.05 compared with the control group.\
**Abbreviations:** SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; G, gentamicin.](ijn-13-877Fig7){#f7-ijn-13-877}

![Expression of COLI, OPN, and OCN of the SaOS-2 cells.\
**Notes:** Immunofluorescent staining for COLI, OPN, and OCN. The cells were incubated with different concentrations of native SiO~2~ NPs, SiO~2~--gentamicin nanohybrids, and free gentamicin in the osteogenic induction medium for 7 days (for COLI and OPN) and 14 days (for OCN). The images are representative of three independent experiments.\
**Abbreviations:** COLI, type I collagen; OPN, osteopontin; OCN, osteocalcin; SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; NPs, nanoparticles; G, gentamicin.](ijn-13-877Fig8){#f8-ijn-13-877}

![ECM mineralization of the SaOS-2 cells.\
**Notes:** (**A**) Optical microscopic images and (**B**) macrograph of Alizarin Red S staining for matrix mineralization of cells after osteogenic induction for 14 days. (**C**) The quantitative results of retention of Alizarin Red S. Data are expressed as mean ± SD (n=3 for each sample). \*\**p*\<0.01 compared with the control group.\
**Abbreviations:** ECM, extracellular matrix; SiO~2~, silica; SiO~2~--G, SiO~2~--gentamicin nanohybrids; G, gentamicin.](ijn-13-877Fig9){#f9-ijn-13-877}
